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Abstrat
We explore the dark matter detetion prospets in the Minimal Supersymmetri Standard
Model in the senario where the salar partners of the fermions and the Higgs partiles (exept
for the Standard-Model-like one) are assumed to be very heavy and are removed from the low-
energy spetrum. We analyse the neutralino LSP (χ0
1
) in senarios where the gaugino mass
parameters are universal at the GUT sale and also the ase where they are non-universal. This
analysis is arried out in the framework of a Xenon-like 100 kg experiment. In general, an
important fration of the parameter spae giving rise to the dark matter reli density measured
by WMAP an be probed and exluded in the ase of not deteting any WIMP. In the opposite
ase, one a WIMP signal has been found, we show that for a light χ0
1
whih is a higgsino-
gaugino mixture it is possible to reonstrut eiently the mass and the sattering ross-setion
of the neutralino LSP. Moreover, we show that it is also feasible to put strong onstraints over
some of the parameters of the Lagrangian, e.g. the higgsino and the gaugino mass parameters.
1 Introdution
There exists strong evidene that a large fration of the Universe is dark and non-baryoni [1, 2, 3℄.
Weakly Interating Massive Partiles (WIMPs), with masses lying from the GeV to the TeV sale,
are the leading old Dark Matter (DM) andidates. The diret detetion of WIMPs ould not only
diretly onrm the existene of dark matter but would also probe the fundamental parameters
of the underlying theory. Constraints on, or measurements of, the WIMP mass and sattering
ross-setion will be omplementary to the information derived from dierent experiments suh as
olliders [4, 5, 6℄, neutrino detetors [7℄, dark matter indiret detetion [8℄ or even other dark matter
diret detetion experiments [9, 10, 11, 12℄. It is therefore pertinent to examine the auray with
whih DM diret detetion experiments will be able to measure the WIMP properties, if they are
deteted.
Low-energy supersymmetry (SUSY) with R-parity, and in partiular the Minimal Supersym-
metri Standard Model (MSSM), provides several well-motivated WIMP andidates whih take the
form of the Lightest Supersymmetri Partile (LSP) (see e.g. referene [1℄). However, no SUSY
partile has been found at partile olliders and no lear indiation of SUSY has emerged from any
of the urrent measurements. In this way, the initial theoretial motivations for SUSY, although
still very appealing, are being questioned and the sale of new physis beyond the Standard Model
(SM) is slowly, but steadily, drifting above the weak sale. In this vein, a SUSY framework named
Split Supersymmetry [13, 14, 15℄ has emerged, proposing a generi realisation of SUSY, where the
salar superpartners of SM fermions are extremely heavy, with a mass that in priniple an reah
the GUT sale. Moreover, the fermioni superpartners of the Higgs and gauge bosons ould remain
near the eletroweak sale, proteted by symmetries. Let us note that this type of models may
appear naturally in some string inspired models with F-term uplifting [16, 17, 18℄. In Split SUSY,
two major features of the MSSM are maintained: on the one hand the uniation of gauge ouplings
works essentially in the same way as in the MSSM. Atually, it has been pointed out [13, 14℄ that,
in order for SUSY to provide solutions to the uniation problem, only gauginos and higgsinos, the
fermioni superpartners of the gauge and Higgs bosons, need to be relatively light. On the other
hand, in Split SUSY the lightest neutralino is usually the LSP, with a mass lying from few dozen
GeV to the TeV sale, hene being a promising andidate for the old dark matter. It is lear that
in this limit where salars are ultra heavy, the ne-tuning problem is reintrodued in the theory.
However, it is not mandatory to have salar superpartners at suh a high sale. Indeed, from a
salar mass MS of the order of ∼ 104 GeV the salar partiles are deoupled from the low-energy
spetrum, and hene their interferene with low-energy phenomenology is marginal. In this ase,
and as ompared to the MSSM, just a slightly large amount of ne-tuning is needed. Let us reall
that there is no ompelling riterion to dene the maximal aeptable amount of ne tuning [19℄,
and the hoie of the upper bound on the SUSY sale MS is somewhat subjetive. An interesting
feature of suh a MSSM with heavy salars [20℄, is that it is muh more preditive than the general
MSSM, sine a large number of the free parameters omes from the salar setor. At the same time,
both the gauge ouplings uniation and the solution to the dark matter problem are maintained.
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The present artile is devoted, on the one hand, to the analysis of the neutralinonulei satter-
ing ross-setion and to the study of prospets of neutralino dark matter diret detetion within the
MSSM with heavy salars. Some previous studies [21, 22, 23℄ have already been devoted to these
subjets onsidering low-energy model-independent frameworks. Instead of following the aforemen-
tioned approah, we will study the general model using dierent patterns of soft SUSY-breaking
gaugino masses. In this way, we will onsider dierent SUSY models in whih the boundary ondi-
tions for the gaugino masses at the GUT sale are dierent from those of the universal senario.
On the other hand, we will study the possibilities oered by diret detetion experiments to reon-
strut: i) the mass and the sattering ross-setion [9, 10, 24℄ and ii) the fundamental parameters
of the Lagrangian. The present paper aims to provide a omplementary piture to that use in
referenes [25, 26℄ and [27℄, in whih the reonstrution of the MSSM with heavy salars is studied
in the framework of high-energy olliders, both at LHC and at ILC.
The rest of the paper is organized as follows. In the next setion we briey review the MSSM
with heavy salars and disuss the neutralino dark matter within this model. In setion 3, we
review the spin-independent diret detetion tehniques, fousing on the event rate and the WIMP-
nuleon sattering ross-setion for a Xenon-like experiment, in a mirosopially model independent
approah. This analysis lays the basis for the following study, in the framework of the MSSM with
heavy salars. In setion 4 we present some results of dark matter diret detetion prospets for a
Xenon-like experiment. Setion 5 is dediated to the possibilities of reonstruting both physial
observables and fundamental parameters of the model. Before losing, onlusions are given in
setion 6.
2 The MSSM with heavy salars
2.1 Denition of the model
In the MSSM with heavy salars, the salar superpartners of the leptons and quarks as well as most
of the Higgs bosons are assumed to be very heavy, at a ommon mass sale MS ≫ 1 TeV. The
low-energy theory ontains, besides the SM-like Higgs boson only the two higgsinos (H˜u, H˜d) and
the three gauginos: the bino (B˜), the wino (W˜ ) and the gluino (g˜). Omitting the gauge-invariant
kineti terms, as well as non-renormalizable operators suppressed by powers of the heavy sale MS ,
the Lagrangian of the eetive theory reads [13, 14℄
L ⊃ m2HH†H −
λ
2
(
H†H
)2
−
[
huij q¯juiǫH
∗ + hdij q¯jdiH + h
e
ij ℓ¯jeiH
+
M3
2
g˜Ag˜A +
M2
2
W˜ aW˜ a +
M1
2
B˜B˜ + µ H˜Tu ǫ H˜d
+
H†√
2
(
g˜uσ
aW˜ a + g˜ ′uB˜
)
H˜u +
HT ǫ√
2
(
−g˜dσaW˜ a + g˜ ′dB˜
)
H˜d + h.c.
]
, (1)
where σa are the Pauli matries, ǫ ≡ i σ2 and i, j are generation indies. The SM-like Higgs doublet
H is a linear ombination of the two MSSM Higgs doublets Hu and Hd, whih needs to be properly
2
ne-tuned to have a small mass term m2H :
H = − cos β ǫH∗d + sinβ Hu . (2)
At the high sale MS the boundary onditions on the quarti Higgs oupling and on the Higgs-
higgsinogaugino ouplings of the eetive theory are determined by SUSY invariane and yield:
λ(MS) =
1
4
[
g2(MS) + g
′2(MS)
]
cos2 2β, (3)
g˜u(MS) = g(MS) sin β , g˜d(MS) = g(MS) cos β , (4)
g˜ ′u(MS) = g
′(MS) sin β , g˜ ′d(MS) = g
′(MS) cos β , (5)
where g and g ′ are the SU(2)L and U(1)Y gauge ouplings. tan β is interpreted as the angle that
rotates the two Higgs doublets into one heavy and one light (SM-like).
Sine for the MSSM with heavy salars the number of basi input parameters is rather small,
one an relax the assumption of a universal gaugino mass at MGUT and still have a preditive
model whih ould lead to a dierent phenomenology with respet to the universal senario. In
referene [20℄, various senarios for non-universal gaugino masses have been disussed. A partiular
interesting one is the gravity-mediated SUSY-breaking senario in whih the gaugino masses arise
from a dimension-5 operator L ∝ 〈FΦ〉ab/MPl · λaλb, where λ are the gaugino elds and FΦ is the
auxiliary omponent of a left-handed hiral supereld Φ whih ouples to the SUSY eld strength.
In the usual minimal Supergravity (mSUGRA) model with SU(5) grand uniation, the eld FΦ
is a singlet under the unifying gauge group, leading to universal gaugino masses. However, the
eld Φ ould sit in any representation of the symmetri produt of the adjoint group [28℄. For
SU(5) symmetry, FΦ ould belong to an irreduible representation whih results from the symmetri
produt of two adjoints
(24⊗ 24)
symmetric = 1⊕ 24⊕ 75⊕ 200 . (6)
One the neutral omponent of FΦ has aquired a vev, 〈FΦ〉ab = Vaδab, the vevs Va determine
the relative magnitude of the soft SUSY-breaking gaugino mass parameters Ma at MGUT [29, 30℄.
This is shown in the left-hand side of table 1 and, as an be seen, only in the singlet ase 1 these
parameters are universal. We also give the Ma values at the eletroweak sale MZ , by using the
one-loop renormalization group equations. In this vein, for a given representation besides the SM
basi input parameters, the free parameters of the model are the ommon salar mass MS , tan β,
µ(MZ) and M1; M2 and M3 being xed at MGUT.
For the determination of the mass spetrum, the resummation to all orders of the leading
logarithms of the large salar mass and the one-loop radiative orretions has been taken into
aount, using the routine SHeavy of the ode SuSpet [31℄ desribed in referene [20℄.
2.2 Dark matter within the MSSM with heavy salars
As dedued from the WMAP satellite measurement of the temperature anisotropies in the Cosmi
Mirowave Bakground, old dark matter makes up approximately 23% of the energy of the Universe
3
Q = MGUT Q = MZ
1 1 : 1 : 1 1.0 : 2.0 : 6.2
24 1 : 3 : −2 1.0 : 6.0 : −12.7
75 5 : −3 : −1 1.0 : −1.2 : −1.3
200 10 : 2 : 1 2.5 : 1.0 : 1.6
Table 1: The ratios of gaugino mass parameters, M1 :M2 :M3, at the renormalization sales MGUT
and MZ , for the dierent patterns of soft SUSY breaking. The values MS = 10
4
GeV and tan β = 5
has been used.
[32℄. The DM osmologial density is preisely measured to be
ΩDM h
2 = 0.1099 ± 0.062 , (7)
whih leads to 0.104 . ΩDM h
2 . 0.116 at 68% CL. The auray is expeted to be improved to
the perent level by future measurements at Plank satellite [33℄.
As it is well known, the LSP neutralino an be an ideal WIMP-like old DM andidate and in
some areas of the SUSY parameter spae the osmologial reli density assoiated to the lightest
neutralino χ01, whih is inversely proportional to the neutralino annihilation ross-setion σann ≡
σ(χ01χ
0
1 → SM partiles), falls into the range required by WMAP. In the MSSM with heavy salars,
the neutralino mass matrix in the bino, wino, higgsino basis (B˜, W˜3, H˜
0
d , H˜
0
u) reads as follows:
MN =


M1 0 − g˜
′
d
v√
2
g˜′u v√
2
0 M2
g˜d v√
2
− g˜u v√
2
− g˜′d v√
2
g˜d v√
2
0 −µ
g˜′u v√
2
− g˜u v√
2
−µ 0

 , (8)
where v ∼ 174 GeV is the SM-like Higgs boson vev. Thus the lightest neutralino χ01 is a linear
superposition of the bino, wino and higgsinos states:
χ01 = N11 B˜ +N12 W˜3 +N13 H˜
0
d +N14 H˜
0
u ; (9)
the matrix N rotates the neutralino states so that the mass matrix NMN NT is diagonal.
In the MSSM with heavy salars, there are essentially only four regions in whih the WMAP
onstraint is fullled:
 The `mixed region' in whih the LSP is a higgsinogaugino mixture [34℄, M1 ∼ |µ|, whih
enhanes (but not too muh) its annihilation ross-setions into nal states ontaining gauge
and/or Higgs bosons and top quarks, χ01χ
0
1 →W+W−, ZZ, HZ, HH and tt¯.
 The `pure higgsino' and `pure wino' regions, in whih the LSP is almost degenerate in mass
with the lightest hargino (χ±1 ) and the next-to-lightest neutralino (χ
0
2). Suh a senario
4
leads to an enhaned annihilation of spartiles sine the χ01 − χ±1 and χ01 − χ02 oannihilation
ross-setions [35℄ are muh larger than that of the LSP. This solution generally requires LSP
masses beyond 1 TeV.
 The `H-pole' region in whih the LSP is rather light, mχ0
1
∼ 12MH , and the s-hannel H
exhange is nearly resonant allowing the neutralinos to annihilate eiently [36, 37℄.
 The `Z-pole' region in whih the LSP is very light, mχ0
1
∼ 12MZ ∼ 45 GeV, and the s-hannel
Z exhange is nearly resonant. We note that this region is not ruled out only in senarios
where the mass splitting between M1 and M2 at the eletroweak sale is very large [20℄.
The omputation of dark matter reli density has been performed using an adapted version of
the mirOMEGAs publi ode [38, 39℄, where all the salar partiles (exept for the SM-like Higgs
boson) have been integrated out. Figure 1 displays the area, in the [M1, µ] plane, in whih the
WMAP onstraint is satised (reddark gray); a ommon salar mass MS = 10
4
GeV, tan β = 5
and the universal senario has been hosen. HereafterM1 and µ have to be interpreted as parameters
Figure 1: The regions of the [M1, µ] plane in whih the WMAP onstraint is fullled (reddark
gray area) for a ommon salar mass value MS = 10
4
GeV, tan β = 5 and the universal senario.
The green (light gray) area on the left and the bottom is the one exluded by diret searhes of
SUSY partiles.
evaluated at the eletroweak sale. The green (light grey) area in the left and bottom parts of the
gure denotes the region exluded by the ollider data. This region is ruled out by the negative
searh of harginos at LEP2 from pair prodution of the lightest hargino: e+e− → χ±1 χ∓1 [40℄. The
peak for small M1 values at M1 ∼ 12MH , is due to the s-hannel exhange of an almost real Higgs
boson, χ01 χ
0
1 → H. For the mass value obtained here, MH ∼ 130 GeV, the Higgs boson mainly
deays into bb¯ nal states. Right into the peak one is too lose to the Higgs mass pole, and the
LSP annihilation is too eient leading to a too small ΩDM h
2
. The peak reahes up to µ ∼ 1300
GeV, a value beyond whih the LSP is almost bino-like and its oupling to the Higgs boson is too
5
small (the Higgs prefers to ouple to a higgsinogaugino mixture) to generate a sizable annihilation
ross-setion.
For larger µ and M1 values there is an almost straight band in whih µ ∼ M1 ∼ 12M2 and
the LSP is a binohiggsino mixture with sizable ouplings to W , Z and Higgs bosons, allowing for
reasonably large rates for neutralino annihilation into χ01χ
0
1 → W+W−, ZZ, HZ and HH nal
states. For instane, for M1 ∼ 200 GeV and µ ∼ 200 GeV, the annihilation ross-setion is mostly
due to the WW and HH nal states and, to a lesser extent, the ZZ and ZH nal states. For
slightly larger µ and M1 values there is a jump due to the opening of the χ
0
1χ
0
1 → tt¯ hannel, whih
heneforth dominates the annihilation ross-setion. Above and below the band, the LSP ouplings
to the various nal states are either too strong or too weak to generate the relevant reli density.
For µ values lose to 1 TeV and even larger values of M1 there is a wider area in whih the WMAP
onstraint is also fullled. In this region the LSP is almost a pure higgsino and a orret ΩDM h
2
an also be obtained thanks to the oannihilation of the LSP with the χ±1 and χ
0
2 states. For lower
µ values and M1 still very large the LSP oannihilation with χ
±
1 and χ
0
2 is exeedingly strong and
leads to a too small ΩDM h
2
.
In gure 2 we present a similar analysis to the previous one, with the only proviso that tan β = 30
(left pane) and MS = 10
10
GeV (right pane). The gure in the left-hand side shows similar features
Figure 2: The same as in gure 1 but for tan β = 30 (left pane) or MS = 10
10
GeV (right pane).
to gure 1; a worth noting dierene is that the peak whih is due to the s-hannel Higgs boson
exhange reahes up to µ ∼ 600 GeV, owing to the fat that for small tan β values the LSP beomes
bino-like faster than in the high tan β ase and its ouplings to the Higgs boson are thus smaller.
On the other hand, for MS = 10
10
GeV, the Higgs peak is shifted to a slightly higher M1 value,
M1 ∼ 12MH ∼ 80 GeV. In this ase the annihilation hannel χ01χ01 → H → W W ∗ → W ff¯ gives a
signiant ontribution to the total ross-setion [20℄. Note that variations over MS and tan β are
primarily reeted in the Higgs peak, whereas the mixed region is almost insensitive.
Figure 3 is similar to gure 1, with the dierene that we take two situations presenting non-
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universality in the gaugino masses at MGUT: senario 24 (left pane) and senario 75 (right pane).
The ase onsidered in the left-hand side shows similar features to the one with the universal setup
Figure 3: The same as in gure 1 but for senarios 24 (left pane) and 75 (right pane).
explored in the foregoing, exept that a new peak atM1 ∼ 12MZ ∼ 45 GeV appears, as a onsequene
of the s-hannel Z boson exhange. In this senario, suh a resonane is no longer exluded beause
of the large gap between M1 and M2 (M2 ∼ 6.3 ·M1 at the eletroweak sale). In this ase, the
invisible deay of the Z boson, Z → χ01χ01, and the hargino prodution measurements exlude a
orner in the parameter spae orresponding to low values for M1 and µ [20℄.
In the senario 75 one has M1 : M2 : M3 ∼ 1 : −1.2 : −1.5 at the weak sale, so that the LSP
is in general lose in mass to the lightest hargino and the next-to-lightest neutralino, and hene
oannihilation of these states plays a very important role. There is a thin line up to µ, M1 . 1 TeV
where the LSP is dominantly bino-like and the WMAP ΩDM h
2
range is obtained by an eient
annihilation and oannihilation of χ01, χ
0
2 and χ
±
1 . Moreover, another region giving rise to the orret
reli density orresponds to a large band with µ ∼ 1 TeV and M1 & 1 TeV, where the LSP is almost
a pure higgsino state. One again, oannihilation leads the dark matter reli density.
In senario 200 the regions fullling the dark mater reli density ompatible with WMAP onstraints
orrespond to a LSP with mass & 1 TeV [20℄. Owing to the fat that suh a heavy andidate is
largely outside apabilities of the next generation dark matter diret detetion experiments, suh
senario will not be onsidered in the analysis presented in setions 4 and 5.
3 Diret detetion
3.1 Dierential event rate
In spite of the experimental hallenges, a number of eorts worldwide are atively pursuing to
diretly detet WIMPs with a variety of targets and approahes. Many diret dark matter detetion
experiments are now either operating or in preparation. All these experiments measure the number
7
N of elasti ollisions between WIMPs and target nulei in a detetor, per unit detetor mass and
per unit of time, as a funtion of the nulear reoil energy Er. The detetion rate in a detetor
depends on the density ρ0 ≃ 0.3 GeV m−3 and veloity distribution f(vχ) of WIMPs near the
Earth. Usually, the motion of the Earth is negleted and a Maxwellian halo for WIMP's veloity is
assumed. In general, the dierential event rate per unit detetor mass and per unit of time an be
written as:
dN
dEr
=
σχ−N ρ0
2m2rmχ
F (Er)
2
∫ ∞
vmin(Er)
f(vχ)
vχ
dvχ , (10)
where the WIMP-nuleus sattering ross-setion, σχ−N , is related to the WIMP-nuleon ross-
setion, σχ−p, by σχ−N = σχ−p · (Amr/Mr)2, with Mr = mχmpmχ+mp the WIMP-nuleon redued mass,
mr =
mχmN
mχ+mN
the WIMP-nuleus redued mass, mχ the WIMP mass, mN the nuleus mass, and A
the atomi weight. F is the nulear form fator; in the following analysis the Woods-Saxon Form
fator will be used. The integration over veloities is limited to those whih an give plae to a
reoil energy Er, thus there is a minimal veloity given by vmin(Er) =
√
mN Er
2m2r
.
In order to ompare the theoretial signal with the bakground it is neessary to alulate the χ2.
Let us all N sign the signal, N bkg the bakground and N tot = N sign+N bkg the total signal measured
by the detetor. We will divide the energy range between 4 and 30 keV in n = 7 equidistant energy
bins. For the disrimination between the signal and the bakground we alulate the variane χ2:
χ2 =
n∑
i=1
(
N toti −N bkgi
σi
)2
. (11)
Here we are assuming a Gaussian error σi =
√
Ntoti
M ·T on the measurement, where M is the detetor
mass and T the exposure time. We use a similar analysis to that performed in referenes [24, 41℄.
3.2 A Xenon-like experiment
The Xenon experiment aims at the diret detetion of dark matter via its elasti sattering o xenon
nulei. It allows the simultaneous measurement of diret sintillation in the liquid and of ionization,
via proportional sintillation in the gas. In this way, Xenon disriminates signal from bakground
for a nulear reoil energy as small as 4.5 keV. Currently a 10 kg detetor is being used, but the
nal mass will be 1 ton of liquid xenon. In gure 4, we show the sensitivity urve for Xenon10
(M = 10 kg) and Xenon1T (M = 1 ton) for T = 3 years of data aquisition.
In our study, following referene [42℄ we will always onsider 7 energy bins between 4 and 30
keV and 3 years of data aquisition for a 100 kg Xenon experiment. We ould take into aount
non-zero bakground using simulations of the reoil spetra of neutrons in our analysis, and this
would signiantly degrade the sensitivity of the detetor. However, this would involve a muh
more detailed study of the detetor omponents (shielding, et.), and we will not arry it out. In
that sense, our results will be the most optimisti ones. Comprehensive studies about the inuene
of astrophysial and bakground assumptions an be found in referenes [24, 10℄.
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Figure 4: Spin-independent WIMP-nuleon ross-setion versus WIMP mass for χ2 = 1, 4 and
M = 10 kg and 1 ton.
Figure 5 shows the ability of Xenon to determine the mass and sattering ross-setion for a
20, 100 and 500 GeV WIMP with ross-setions of 10−8 and 10−9 pb, in a mirosopially model
independent approah. We an learly see how sensitive the experiment is to light WIMPs: the
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Figure 5: Distribution of the maximum χ2 in the [σχ−p, mχ] plane, for 3 years of exposure in a 100
kg Xenon experiment, for mχ = 20, 100, 500 GeV and σχ−p = 10−8, 10−9 pb. The lines represent
the 68% CL region, and the rosses denote the theoretial input parameters.
preision an reah the perent level for mχ . 50 GeV and high σχ−p. For WIMPs muh heavier
than the nuleus mass (∼ 100 GeV for Xenon), the dierential rate in equation (10) beomes almost
independent on mχ and therefore the relative errors enlarge. However, for smaller values of the
sattering ross-setion . 10−9, the possibility of reonstruting mχ or σχ−p, at least in a model
9
independent framework, quikly vanishes beause of the dramati inrease of the errors. One way
to deal with this deterrent is e.g. to plae ourselves into the framework of a given model so as to
limit the phase spae (i.e. the (mχ , σχ−p) pairs) upon the inlusion of the available theoretial and
experimental onstraints. In this vein, hereafter we leave aside the model independent approah to
the dark matter diret detetion in order to fous to the MSSM with heavy salars framework.
4 Diret detetion prospets within the MSSM with heavy salars
As far as the DM diret detetion onerns, the ross-setion for elasti sattering of a WIMP with
a nulei detetor is perhaps one of the most important properties. This ross-setion determines the
detetion rate in diret-detetion experiments. The WIMP-nuleus elasti sattering ross-setion
depends fundamentally on the WIMP-quark interation strength.
In the MSSM with heavy salars, the leading proesses whih give rise to the neutralino-nuleus spin-
independent interation are shown in gure 6. The diagrams orrespond to the elasti sattering

H
q
χ01
q
χ01

H
t
g
χ01
g
χ01
Figure 6: Feynman diagrams ontributing to the spin-independent elasti sattering of neutralinos
with quarks and gluons, within the MSSM with heavy salars.
of a LSP from a quark and a gluon by the exhange of a Higgs boson in the t- and u-hannels.
The Higgs boson-gluon interation is indued at the quantum level primarily by top-quark loops.
Sine both of the diagrams depend on the interation between the lightest neutralino and the Higgs
boson, the χχH vertex will drive the phenomenology of the sattering ross-setion. This oupling
is given by:
Cχ0
1
χ0
1
H ∝ N13
(
g˜dN12 − g˜ ′dN11
)−N14 (g˜uN12 − g˜ ′uN11) . (12)
As equation (12) depends on the medley of the whole Nij matrix elements, it follows that the Hχχ
oupling an be enhaned for a lightest neutralino whih is a `temperate' gaugino-higgsino mixture.
In addition, for a pure higgsino-like or a pure gaugino-like neutralino, the oupling with a Higgs
boson vanishes, and hene it does the sattering ross-setion.
In the general MSSM ase, there also exists a potentially important input to the ross-setion
oming from a plethora of diagrams involving squarks propagators (essentially the rst generation
squarks u˜ and d˜), both ontributing to the interation of WIMPs with quarks and with gluons [1℄.
These proesses ould be dominant in the ase when the squarks are light. Nevertheless, in this ase
we are taking into aount heavy salars, hene diagrams ontaining squarks will be suppressed by
10
powers of 1/M2S .
In the same vein, let us reall that the Z-boson exhange in the interation χ01q → χ01q does not
ontribute to the spin-independent sattering ross-setion but only to the spindependent one. As
already pointed out [43℄, spindependent diret neutralino searhes in the general MSSM appear to
be largely disfavored with respet to spin-independent ones.
In the same way as for the dark matter reli density, the omputation of sattering ross-setions
has been performed using an adapted version of the mirOMEGAs ode. Thus, it is possible to
use equation (10) in order to extrat the expeted dierential event rate of nulear reoil, in the
framework of the Xenon experiment. Figure 7 presents the ontour lines for the sattering ross-
setion σχ−p (dashed lines) and the mass of the lightest neutralino (dotted lines) in the [M1, µ]
plane, for MS = 10
4
GeV, tan β = 5 and the universal senario. It is also shown the region allowed
Figure 7: Contour lines for the sattering ross-setion σχ−p (blak dashed lines) and the mass of
the LSP (blue dotted lines) in the [M1, µ] plane, for MS = 10
4
GeV, tan β = 5 and the universal
senario. The regions fullling the WMAP onstraint (reddark gray) and exluded by ollider
searhes (greenlight gray) are also shown.
by the WMAP measurements and the parameter spae exluded by ollider data. Worth notiing
is the fat that while M1 ∼ µ, the ross-setion reahes high values, up to ∼ 4 · 10−9 pb. The
χχH oupling stays high even for elevated M1 and µ values, but the maximum slowly narrows.
However, as we move away from the higgsino-gaugino mixing region, σχ−p dereases severely. Let
us emphasize that in the Higgs-pole region, the bino-like nature of the lightest neutralino implies a
highly suppressed salar ross-setion via Higgs boson exhange beause of the low χχH oupling.
In that sense, the Higgs boson resonane does not enhane the sattering ross-setion σχ−p.
Changing MS to higher values auses a rapid derease in the sattering ross-setion. This may be
largely explained by the variation of the Higgs boson mass, whih inreases logarithmially with
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MS , and by the strong dependene of the ross-setion σχ−p on the mass MH :
σχ−p ∝ 1
M4H
. (13)
On the other hand, the inrease of tan β redues the sattering ross-setion beause of two eets:
i) the slight growth of the Higgs mass and ii) the LSP beomes more quikly a pure bino- or higgsino-
like state. Smaller values for tan β (. 2 − 3) produe a SM-like Higgs boson whih beomes too
light, atually exluded by negative searhes at LEP2. In this vein, the analysis in the next setion
will be foused to the kind of best senario for dark matter diret detetion, i.e. MS = 10
4
GeV
and tan β = 5.
The maximum sattering ross-setion reahed in gure 7 is not yet ruled out by dark matter
diret detetion experiments; however, some ollaborations aim to exlude ross-setions up to 10−10
pb in a not too distant future. In gure 8 we show exlusion lines for Xenon after 3 years of data
aquisition, on the [M1, µ] parameter spae, in the framework of the universal senario. These
urves reet the Xenon sensitivity and represent its ability to test and exlude dierent regions of
the MSSM with heavy salars at 68%, 95% and 99% CL. The regions whih ould be exluded follow
approximately the ontour lines for the sattering ross-setion (see gure 7). Moreover, they tend
to enlarge for LSP masses of the order of mχ ∼ 100 GeV, as expeted from gure 4. As an be seen
in gure 8, for the universal senario the absene of signal at Xenon ould exlude a sizeable fration
of the parameter spae of the MSSM with heavy salars, in partiular a major part of the region
fullling the WMAP onstraint. In fat, only the top of the Higgs peak and the area orresponding
to µ ∼ 1 TeV and M1 & 1 TeV ould not be probed. This is due to the low sattering ross-setion
and the high LSP mass respetively.
Figure 9 is similar to the previous one, with the dierene that we explore the non-universal
senarios 24 and 75. In the same way as for the universal ase, for senario 24 the exlusion lines
follow approximately the µ ∼M1 line, getting large for WIMP masses of the order of 100 GeV. For
mχ . 80 GeV, the sensitivity of the experiment deteriorates rapidly (see gure 4). Let us note that
the dark matter sattering ross-setion is not enhaned by the resonant exhange of a Z boson,
in the same way as for the Higgs boson peak. Finally, the diret detetion prospets for senario
75 are not enouraging. In fat, in this ase the regions leading to the orret dark matter reli
density measured by WMAP are not generated by the usual annihilation proess, but rather by
oannihilation proesses of the LSP with the χ02 and the χ
±
1 . Hene, most of the parameter spae
region that a Xenon-like experiment ould examine orresponds to an annihilation ross-setion
whih turns out to be too high indeed to be measurable. Nevertheless, a small single region exists
with µ ∼ M1 ∼ 1 TeV whih gives rise to the orret reli density and whih ould be potentially
exluded by a Xenon-like experiment; but suh region orresponds to a very heavy LSP, at the
atual border of detetability.
12
Figure 8: Exlusion lines for 3 years of exposure in a 100 kg Xenon experiment, on the [M1, µ]
plane, for dierent ombinations of MS and tan β, in the framework of the universal senario. The
dashed lines represent the 68%, 95% and 99% CL exlusion lines. The regions fullling the WMAP
onstraint (reddark gray) and exluded by ollider searhes (greenlight gray) are also shown.
5 Reonstrution prospets
One a signal has been deteted in a given diret dark matter detetion experiment, a new question
appears onerning the possibilities of reonstruting both physial observables and fundamental
parameters of the model. Gradually, a new generation of dark matter experiments start to make
measurements and not simply to set limits [44℄. In this vein, the aim of this setion is to assess,
rst of all, the possibilities of identifying neutralino LSP properties, as its mass and its sattering
ross-setion, in the framework of the MSSM with heavy salars from a Xenon-like experiment.
Seondly, we will also examine the prospets of reonstruting the fundamental parameter spae,
i.e. the low-energy Lagrangian parameters. Even if in the general MSSM it is a formidable task, the
redued number of free parameters of the present model makes the work more feasible. However, for
13
Figure 9: The same as gure 8 but for senarios 24 (left pane) and 75 (right pane).
reonstruting all parameters using diret detetion experiments there is a rst diulty beause
they only give rise to a single observable: the dierential event rate of nulear reoil. This an
be partially eased by taking into aount the existing onstraints oming from ollider physis but
espeially the one given by WMAP. A seond ompliation omes from the fat that the setor of
the parameter spae that an be tested by Xenon is almost insensitive to some of the parameters.
Atually, MS and tan β will essentially determine the mass of the SM-Higgs boson, but their impat
in the region where the LSP is a higgsino-gaugino mixture is somehow limited (e.g. see gures
1-2 and 8). Therefore, we will onentrate on the reonstrution over the [M1, µ] plane in the
framework of a given pattern of soft SUSY-breaking gaugino masses. Other measurements (e.g. at
LHC or ILC) ould bring omplementary information about the remaining low-energy Lagrangian
parameters.
In order to study the abilities of Xenon to reonstrut the parameter spae of the MSSM with
heavy salars, we have hosen four harateristi benhmark points dened in table 2, orresponding
to dierent values for the (M1, µ) pair and dierent senarios for gaugino masses. We have stuk to
Senario M1 [GeV℄ µ [GeV℄ mχ [GeV℄ σχ−p [pb℄
A 1 138 143 93.6 3.2 · 10−9
B 1 207 262 185.1 1.7 · 10−9
C 1 71 243 63.2 3.0 · 10−10
D 24 45 165 39.0 2.9 · 10−10
Table 2: Benhmark points used throughout the analysis, for MS = 10
4
GeV, tan β = 5 and
dierent senarios of gaugino masses. The orresponding LSP mass and sattering ross-setion are
also presented.
low values for the parameters MS and tan β (MS = 10
4
GeV and tan β = 5) in order to maximize
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the diret detetion potential of Xenon. Let us reall that in this limit the sattering ross-setion
is maximized. All these points satisfy the whole ollider onstraints and also generate a dark matter
reli density in agreement with WMAP measurements. Moreover, they belong to the region that
ould be probed by a 100 kg Xenon experiment after 3 years of exposure. For eah point, table 2
also presents the orresponding LSP mass and sattering ross-setion.
Points A and B orrespond to the mixed region in whih the lightest neutralino is a higgsino-bino
mixture and then, they give rise to a high sattering ross-setion σχ−p & 10−9 pb. However, from
the point of view of diret detetion, point A presents an important advantage over point B. In fat,
point A generates a neutralino with mass mχ ∼ 100 GeV, orresponding to the maximal sensitivity,
while point B produes a heavier LSP. In the latter ase, the dark matter reli density is mainly
produed by the reation χ01 χ
0
1 → t t¯. On the other hand, point C orresponds to the Higgs pole
region in whih the lightest neutralino is rather light, mχ ∼ 12MH ∼ 65 GeV. Despite its low mass,
this point gives rise to a very weak sattering ross-setion σχ−p ∼ 10−10 pb, in the threshold of
detetability. Finally, point D is loated over the Z-pole peak and orresponds to an LSP with a
very light mass (mχ ∼ 12MZ ∼ 45 GeV) and sattering ross-setion. Beause of the large mass
splitting between the bino and the wino mass terms in senario 24, M2 ∼ 6.3 ·M1 at the eletroweak
sale, suh an LSP mass is not exluded.
Figure 10 shows the ability of Xenon to reonstrut the M1 and µ parameters, for the four
benhmarks desribed in table 2. Even if the reonstruted regions are in general relatively large,
in partiular for points B and C, the onjuntion with ollider and osmologial onstraints allows
to drastially shrink the latter.
For point A, for instane, the overlap of the dierent bounds strongly restrits the region that an-
not be disriminated by Xenon in the [M1, µ℄ plane toM1 ∼ 141 GeV and 121 GeV . µ . 165 GeV.
Heneforth, the regions will orrespond to a 68% CL. This range orresponds to a lightest neutralino
with a mass within the interval 84 GeV . mχ . 104 GeV and a ross-setion σχ−p between 2.9·10−9
pb and 3.4 · 10−9 pb. Note that, for this ase, both the LSP mass and the sattering ross-setion
an be very well reonstruted with a preision of the order of 20% and 15% respetively.
With regard to points B and C, they present highest values for the LSP mass or the ross-setion
implying a spoilage of the reonstrution apaities. Atually, for those points, the disrimination
regions grow and branh in two areas almost symmetrial about the µ = M1 axis. The reon-
struted area ompatible with onstraints for point B onsists of two parts. The largest one almost
follows the µ = M1 line with M1 varying within the interval delimited by 197 GeV and 377 GeV
orresponding to a LSP with a well dened sattering ross-setion of the order of ∼ 2 · 10−9 pb
but with a mass within the interval of 173− 350 GeV. Moreover, the signal is also ompatible with
a very narrow region loated over the Higgs-peak and orresponding to M1 ∼ 75 GeV and 172 GeV
. µ . 192 GeV. This region gives rise to a ∼ 61 GeV LSP with a sattering ross-setion between
1.1 · 10−9 pb and 7.5 · 10−10 pb. A 100 kg Xenon experiment after 3 years of exposure would not
be able to disentangle these two unrelated areas.
The region engendered by point C is loated around M1 ∼ 71 GeV and 218 GeV . µ . 285 GeV.
In suh an interval the mass of the lightest neutralino is lose to 61 GeV but the ross-setion
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Figure 10: Ability of a 100 kg Xenon experiment after 3 years of exposure to reonstrut the M1
and µ parameters, for the three benhmarks of the table 2, at 68% and 95% CL. The rosses denote
the theoretial input parameters. The regions fullling the WMAP onstraint (reddark gray) and
exluded by ollider searhes (greenlight gray) are also shown.
an vary in a large range, from 1.5 · 10−10 pb to 4.6 · 10−10 pb. There is, nevertheless, an extra
region ompatible both with the dark matter signal and the whole set of onstraints, standing near
M1 ∼ µ ∼ 0.7 − 1 TeV. However, even if this area gives rise to a large sattering ross-setion of
∼ 2 · 10−9 pb, beause of the large mass of the LSP, we are in a regime where the detetor is at the
limit of its apabilities.
Finally, the reonstruted region fullling the onstraints for point D onsists of four parts orre-
sponding to the left and right bands of the Z- and H-peaks. They are roughly limited by 160 GeV
. µ . 255 GeV and M1 ∼ 45 GeV, 55-60 GeV and 68 GeV. In the four areas, the LSP mass varies
in the range between 37 GeV and 62 GeV; the sattering ross-setion varies between 1.2 · 10−10 pb
. σχ−p . 3.4 · 10−10 pb. For this ase, the LSP mass an be reonstruted with a preision of the
order of 65%, whereas, for the ross-setion the relative error reahes almost 75%. It is lear that
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a Xenon-like experiment annot examine with a high-preision level suh a senario with a so low
sattering ross setion. However, it an provide very valuables hints on the nature of the WIMP
dark matter.
6 Conlusions
We have explored the dark matter detetion prospets in the Minimal Supersymmetri Standard
Model in the senario where the salar partners of the fermions and the Higgs partiles (exept for
the Standard-Model-like one) are assumed to be very heavy and are removed from the low-energy
spetrum. In the MSSM with heavy salars, the WIMP andidate for the dark matter reli density
is the neutralino LSP. We have analysed the neutralino LSP (χ01) in senarios where the gaugino
mass parameters are universal but also the ase where they are non-universal at the GUT sale.
This analysis has been arried out in the framework of a Xenon-like 100 kg experiment. In general,
an important fration of the parameter spae giving rise to the dark matter reli density measured
by WMAP an be probed and exluded in the ase of not deteting any WIMP. In the opposite
ase, one a WIMP signal has been found, we have shown that for a light χ01 whih is a higgsino-
gaugino mixture it is possible to reonstrut eiently the mass and the sattering ross-setion of
the neutralino LSP. Moreover, we have shown that it is also feasible to put strong onstraints over
some of the parameters of the Lagrangian, e.g. the higgsino and the gaugino mass parameters.
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